Follistatin 1 (Fst1) is a binding protein of activin and some other members of the transforming growth factor beta superfamily. It plays a key role in the regulation of gonadal function in vertebrates. An oocyte-specific promoter, derived from the zona pellucida 3 (zp3) gene, was used to create transgenic fst1 zebrafish (Danio rerio). Three independent oocyte-specific overexpression fst1 transgenic zebrafish lines were generated. Decreased levels of phosphorylated Smad3 were observed in ovarian tissues in fst1 transgenic fish compared with those from their control female siblings. Analyses on the numbers of mature eggs also indicated the attenuated oocyte maturation in the fst1 transgenic fish and in the females administered recombinant human Fst protein. Remarkably, when raised in the same tank with their control siblings, a significantly larger proportion of the fst1 transgenic population developed as males compared to the controls. Moreover, assessing the levels of active caspase 3 in gonadal tissues at 30 days postfertilization, we observed increased levels of apoptosis in the transitioning gonads of the transgenic fish compared to nontransgenic control siblings. Our results demonstrate that zebrafish Fst1 not only acts as an inhibitory binding protein of activin in the regulation of oocyte maturation in adult females but also plays a potential role in the masculinization of juveniles. Overall, the present study contributes to our understanding of the paracrine roles of fst1 as well as normal oocyte maturation and gonadal differentiation.
INTRODUCTION
Zebrafish have asynchronous ovaries, which contain follicles at all stages of development, and eggs can be spawned throughout the year under laboratory conditions. Follicle development in the adult zebrafish ovary is broadly divided into the growth and maturation stages, both of which are regulated primarily though the actions of hormones. Previous studies in zebrafish have shown that several members of the transforming growth factor b (TGFb) superfamily, such as activin and inhibin, are involved in the regulation of gonadal development and oocyte maturation [1] .
As a member of the TGFb superfamily, activin stimulates oocyte maturation via Smad2/3 activation [2] . Follistatin 1 (Fst1), a ligand antagonist of activin, is a single-chain glycosylated protein that is structurally unrelated to activin. Fst1 binds specifically to activin with high affinity and neutralizes the bioactivities of activin in a variety of tissues [3] . As shown previously by real-time PCR, fst1 is expressed in zebrafish follicle cells and oocytes [4, 5] . Although activin and fst1 are coexpressed in the ovarian granulosa cells, they seem to have specific temporal expression profiles during ovarian follicle development in animals. During the periovulatory period in the adult gravid zebrafish, activin bA and fst1 were both increased in stage I, II, and III follicles, whereas the expression of activin bB remained low during the same period. However, a surge in activin bB expression was observed in stage IV follicles, marked by germinal vesicle breakdown and ovulation. At the same time, the expression of activin bA in these follicles was significantly lower than that in the immature follicles. Interestingly, a significant decrease in fst1 expression also was found in stage IV follicles, which would enhance the activin activity at this final stage of oocyte maturation and ovulation [6] .
Numerous forms of sexual determination and differentiation occur in teleosts, but the mechanism of sex determination in zebrafish is largely unknown. Gonads in zebrafish initially develop into an ovary-like ''bipotential juvenile ovary,'' regardless of the genetic background. These ''juvenile ovaries'' can develop into either mature ovaries in females or into testes following apoptosis of the oocytes in the juvenile ovaries in males. The zebrafish diploid genome has no sex chromosomes. Although it has been suggested that the sex of zebrafish is determined genetically, the inconsistencies of these previous studies indicate that the sex-determining system is labile in this species [7, 8] .
Spontaneous oocyte maturation in fish could be blocked by Fst in vitro [6] . Therefore, zebrafish fst1, a predominant member of the zebrafish fst gene family, was selected in our transgenic studies to further explore the mechanisms of fecundity modulation in vivo. The fst1 transgenic lines were generated with an oocyte-specific promoter, zona pellucida 3 (zp3) [9] . Possible endocrine interactions between the gonadotropic axis and the somatotropic axis have been described previously [10] . Because the reproductive cycle was initially supposed to be disrupted in the zp3:fst1 fish, the investigation of the potential influence on the growth metabolism in the transgenic fish was another objective for the generation of this transgenic model. We detected decreased levels of phosphorylated Smad3 in transgenic fish ovary, indicating that activin/ Smad signaling in zebrafish can be negatively regulated by fst1. We also observed longer batch interval time and fewer mature eggs in transgenic females compared to control females. Moreover, more fst1 transgenic adult fish developed into males compared with their control siblings raised in the same tank. Enhanced apoptosis and significant features of masculinization were also observed in the transitioning gonads of fst1 transgenic juveniles. The present study demonstrates that zebrafish fst1 may have important regulatory functions in both gonadal differentiation and oocyte maturation.
MATERIALS AND METHODS

Animals
Zebrafish (Danio rerio) were maintained in 16-L tanks at 28.58C on a 14L:10D photoperiod with lights-on at 0900 h and lights-off at 2300 h. Each tank included 16-22 fish. The fish were fed three times per day with live fairy shrimp. Embryos were obtained by natural spawning and were cultured in zebrafish Ringer solution at 28.58C. The animal protocol for this research was approved by the Institute of Hydrobiology Institutional Animal Care and Use Committee (Approval ID: keshuizhuan 1029).
To judge the influence of the fst1 overexpression on sex differentiation, the same number of fst1 transgenic zebrafish and their control siblings from the same mating were raised in the same tank from birth to adulthood, until their sex was determined.
Generation of Constructs and Transgenic Zebrafish
A 2.2-kb fragment of the zebrafish zp3 promoter was amplified according to published methods [9] . An 864-bp zebrafish fst1 fragment was amplified as described previously [11] . To make the zp3:fst1-polyA construct, a polyA sequence was amplified from an EGFP-N1 vector (Clontech Laboratories) using the forward primer 5 0 -GCGGCCGCCTAGATCATAATCAGCCA TACC (NotI site adaptor is underlined) and the reverse primer 5 0 -AAGCTTAGATACATTGATGAGTTTGGAC (HindIII site adaptor is underlined). The product was ligated into pTA2-fst1 by NotI and HindIII. Then, the pTA2-fst1-polyA was digested with SalI and HindIII and ligated into a pMD18-zp3 promoter construct. For transgenic line screening, a portion of the heartspecific enhanced green fluorescent protein (EGFP) expression cassette was cloned downstream of the zp3:fst1-polyA. The fragment containing the zp3:fst1-polyA-cmlc (cardiac myosin light-chain) promoter region was subcloned into the EGFP-N1, and the cmv promoter was ablated.
The zp3:fst1-polyA-cmlc:gfp construct (Fig. 1A) was microinjected into 1-to 2-cell-stage embryos. Cardiac green fluorescent protein (GFP)-positive embryos were identified by fluorescence at 72 h postfertilization (Fig. 1B) . F 0 founders were crossed with wild-type fish to confirm germline integration. F 1 Tg (zp3:fst1-cmlc:gfp) genome was collected using a Tissue DNA Kit (Omega Bio-Tek) and was detected by the forward primer 5 0 -GGAAGGGGCGGAGC-CAACCT and reverse primer 5 0 -AGATACATTGATGAGTTTGGAC. The forward primer was located at the end of the zp3 promoter, and the reverse primer was located at the end of polyA. A 1.2-kb fragment was amplified using these two primers (Fig. 1C) .
Breeding Trials to Assess Fecundity
The fst1 transgenic females and their control female siblings were crossed with wild-type males every 2 wk, and the number of eggs was determined for each mating. Females were housed individually for the duration between each breeding trial to prevent any unplanned spawning events.
RT-PCR and Quantitative Real-Time PCR
Total RNA was prepared from adult ovaries with TRIzol Reagent (Gibco Invitrogen) according to the manufacturer's instructions. To eliminate the FIG. 1. Generation of oocyte-specific fst1 transgenic zebrafish. A) Schematic representation of the zp3:fst1-cmlc:gfp construct. B) GFP expression was observed in the heart of an F1 fst1 transgenic fish at 72 h postfertilization (arrows). C) PCR amplification of the fst1 transgene in three independent F1 fish, confirming germline transmission. P, positive control with the transgenic DNA as the template; WT, the AB strain zebrafish. D) Quantitative RT-PCR for fst1 in the ovaries at 90 dpf of three transgenic lines. The expression levels were normalized to b-actin and were further normalized to those of controls. **P , 0.001 vs. controls. E-J) In situ hybridization for fst1 was performed on ovary sections from fst1 fish and the controls at 90 dpf. The representative images shown are from transgenic line 3. A strong signal was detected in stage I, II, III, and IV oocytes from fst1 fish (E, F, and G; arrows). No signal was detected in control oocytes (H, I, and J). I, stage I oocyte; II, stage II oocyte; III, stage III oocyte; IV, stage IV oocyte. The experiments were performed using three independent batches. Bar ¼ 100 lm.
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DNA, the samples were treated with DNase for 6 h and then extracted by phenol/chloroform. Total RNA was prepared from gonads at 30 days posthatching using an RNeasy Plus Micro Kit (Qiagen GmbH), and the DNA was removed by gDNA Eliminator spin columns provided in the kit. RT was performed according to the protocol of the RevertAid First-Stand cDNA Synthesis Kit (Fermentas) with the following program: 658C for 5 min, 48C for 5 min, 428C for 60 min, and finally, 708C for 10 min. Real-time PCR was performed using the SYBR Bestar-Real Time PCR Master (Toyobo). Each realtime PCR program included the following program: 958C for 30 sec, 958C for 5 sec, 608C for 15 sec, and 728C for 35 sec; step 2 and subsequent steps were repeated for 40 cycles. The primers used for real-time PCR are listed in Table 1 .
Histology and In Situ Hybridization
Ovaries were fixed in 4% paraformaldehyde for 24 h at 48C and then washed in 50% ethanol. Tissues were dehydrated and embedded in paraffin, sectioned (thickness, 10 lm), and stained with hematoxylin and eosin. In situ hybridization was performed with a digoxigenin (DIG)-labeled riboprobe for fst1, which was synthesized as described previously [12] . Paraffin sections (thickness, 5 lm) of ovaries were dewaxed, rehydrated with PBS, labeled with the fst1 anti-DIG probe for 16 h at 658C, washed with 23 SSC (13 SSC: 0.15 M sodium chloride and 0.015 M sodium citrate) and 0.23 SSC for 30 min each, washed with PBS for 10 min, incubated in 0.1% bovine serum albumin (BSA)/ PBS for 3 h, incubated with an anti-DIG antibody (1:4000; Roche Diagnostics GmbH) for 12 h at 48C, washed three times in PBS at room temperature, and finally, stained with nitrotetrazolium blue chloride/5-bromo-4-chloro-3-indolyl phophate. The sections were examined and photographed by microscopy.
Histological observation of ovarian development was performed as described previously [13] . The follicles of different stages in the ovarian tissue were determined microscopically based on their size, vitellogenic state, and final ovarian maturation stage in the serial tissue sections of each whole ovary. Briefly, the features of follicle growth have been described in five stages according to oocyte size and morphological characteristics [1, 13] . In stage I (diameter, 7-140 lm), the oocyte begins to enlarge, and follicles start to generate. The nucleus, rather than the cytoplasm, fills most of the oocyte. Oocyte progress is interrupted in prophase I of the first meiotic division. In stage II (diameter, 140-340 lm), cortical alveoli accumulate in the oocytes. In stage III (diameter, 340-690 lm), follicle size is increased for accumulation of vitellogenesis. In stage VI (diameter, 690-730 lm), the germinal vesicle moves from the center of the oocyte to the periphery, the oocyte resumes meiosis, and the nuclear membrane breaks down. In stage V (diameter, 730-750 lm), the follicle breaks, and the mature egg are ovulated into the ovarian lumen and prepare to spawning.
Recombinant Human Fst Injection
Starting at 95 days postfertilization (dpf), recombinant human Fst (rHuFst; Prospec) was diluted to 0.5 ng/ll with 0.9% NaCl solution, then injected in 50 ll of solution into 30 wild-type female zebrafish ovaries at a dose of 25 ng fish À1 day À1 for 30 days. The other 30 wild-type female zebrafish were injected with 50 ll of 0.9% NaCl solution for 30 days as controls. The needle was injected 0.5 cm into the abdominal cavity at the root of the ventral fin, at an angle of 308-458.
In Situ Cell Death Assay
A TUNEL assay was performed using an In Situ Cell Death Detection Kit (Roche Diagnostics GmbH) as per manufacturer's instructions. Whole ovaries were fixed in 4% paraformaldehyde, dehydrated, embedded in paraffin, and sectioned (thickness, 5 lm), after which the sections were dewaxed, rehydrated with PBS, incubated in proteinase K for 30 min, washed with PBS, and labeled with the TUNEL reaction mixture for 1 h at 378C in the dark. Next, the sections were incubated in converter-peroxidase for 30 min at 378C, stained with diaminobenzidine substrate for 10 min, and then visualized by microscopy. The negative control excluded incubation in TUNEL reaction mixture.
Protein Extraction and Western Blot Analysis
Whole adult ovaries were homogenized in 500 ll of a lysis buffer (catalog no. P0013; Beyotime) containing phosSTOP (Roche Diagnostics GmbH) and were then sonicated for 20 min. Gonads at the 30-dpf stage were homogenized in 200 ll of a lysis buffer and then sonicated for 1 min. The lysates were centrifuged twice at 13 000 3 g at 48C for 10 min and then incubated at 1008C for 10 min. The proteins were separated by SDS-PAGE and then transferred to a 0.45-lm polyvinylidene fluoride membrane (Millipore). The membranes were washed in Tris-buffered saline with Tween-20 and blocked with 4% BSA/ 5% fetal bovine serum/Tris-buffered saline at room temperature for 3 h. The membranes were then incubated with anti-Smad2/3, anti-phospho-Smad3 (both from Cell Signaling Technology and used at a 1:1000 dilution), anti-active Caspase3 (1:20; BD Pharmingen), and anti-b-actin (1:1000; Santa Cruz Biotechnology) overnight at 48C. The membranes were washed with Trisbuffered saline with Tween-20 and incubated with a horseradish peroxidaseconjugated secondary antibody (1:10 000; Bio-Rad) at room temperature for 2 h. The signal was detected by chemiluminescence (Western Blotting Luminol Reagent; Bio-Rad).
Statistical Analysis
Data are presented as the mean 6 SEM. The mean number of eggs spawned by fst1 transgenic zebrafish and the corresponding controls were compared statistically using one-way ANOVA followed by Dunnett test. The mRNA level of each gene in each sample was first calculated as the ratio with b-actin transcript levels, which was amplified as an internal control, and then expressed as the fold-increase relative to controls. The data were analyzed by one-way ANOVA followed by Dunnett test, with P 0.05 was considered to be significant. Every experiment was performed at least twice using different batches of fish to confirm the results.
RESULTS
Generation of Oocyte-Specific fst1 Overexpression Transgenic Zebrafish
One female and two male fst1 transgenic germline founders were initially screened by cardiac GFP (Fig. 1B) , and germline transmission of zp3:fst1 was confirmed by PCR amplification of the vector-specific fragment from the genomic DNA of the F 1 offspring (Fig. 1C) . The level of fst1 expression in the ovaries of the F 1 adult female transgenic fish at 90 dpf was measured by quantitative real-time PCR. Figure 1D shows that the fst1 levels were dramatically increased in the three transgenic lines compared to those of their nontransgenic sibling controls. Temporal and spatial expression patterns of fst1 in ovary sections at 90 dpf were assayed by in situ hybridization. Our results revealed high levels of the fst1 transcript in stage I, II, III, and IV oocytes from transgenic fish ( Fig. 1 , E-G), whereas no fst1 signal was detected in oocytes of their control siblings at the same stage ( Fig. 1, H-J) . Recent studies have demonstrated that oocyte maturation in zebrafish is modulated by activin via activation of Smad2/3 signaling [2, 6] . Acting as an activin-binding protein, fish Fst1 neutralizes the activities of activin in ovarian tissue [3] . Therefore, we asked whether fst1 overexpression could inhibit the phosphorylation of Smad2/3 in zebrafish follicles. Ovaries from fst1 transgenic fish and their sibling controls at 95 dpf were collected for measurement of phosphorylated Smad2/3. As in the previous report [2] , phosphorylated Smad2 could not be detected in the ovarian tissue samples. However, decreased levels of phosphorylated Smad3 in the ovaries of fst1 fish compared to their sibling controls were observed through Western blot analyses (Fig. 2) . These data suggest that overexpression of fst1 can inhibit activin-dependent Smad3 signaling and may consequently inhibit maturation of zebrafish ovarian follicles. Each of the three transgenic lines showed similar results. All experiments were performed using three independent batches.
fst1 Overexpression Suppressed Fecundity and Oocyte Maturation in Transgenic Zebrafish
To explore the reproductive function of fst1 transgenic females, we examined their fecundity using breeding trials. As shown in Figure 3 , the average number of eggs produced from the fst1 females of all the three transgenic lines was lower than that in control female siblings during 11-16 wk postfertilization. Histological studies were also performed to characterize the oocytes in fst1 fish. Ten females of the same cohort of transgenic fish and their control siblings were chosen from each of the three independent lines. Ovarian samples were collected from five of the fst1 transgenic females and their control female siblings at 95 dpf. The other five females from each transgenic lines were set for mating at 95 dpf, and ovarian tissues were then collected from them 3 days later (98 dpf). The stage V and VI oocytes were distinguished and counted (Fig. 4) as described previously [13] . Based on our histological analysis (Fig. 4C) , we observed decreased numbers of stage V oocytes, increased numbers of stage IV oocytes, and lower ratios of stage V to stage IV oocytes in fst1 fish compared to the controls. At 3 days postspawning, we observed lower ratios of stage V to stage IV oocytes in the fst1 fish compared to those of the controls (Fig. 4F ). These data reveal that fewer stage V oocytes existed in adult fst1 transgenic females compared to the controls. It is possible that after each spawning, the oocytes take longer to mature in the fst1 females compared to the controls. This indicates that fst1 overexpression can suppress fecundity and oocyte maturation in female zebrafish. Each of the three transgenic lines showed similar results. All experiments were performed using three independent batches.
Female-to-Male Sex Reversal in fst1 Zebrafish
In the process of characterizing the fst1 transgenic fish, we always found much higher male:female ratios in the fst1 populations compared to the control sibling populations ( Table  2 ). The fst1 fish were raised in the same tank as the control siblings. Two hypotheses could explain the unbalanced sex ratios in the fst1 fish: female-specific lethality or female-tomale sex reversal. To distinguish between these two hypotheses, we set up a mating between a pair of F 0 transgenic fish with wild-type fish. The progenies from the same spawn were   FIG. 2 . Levels of phospho-Smad3 were decreased in ovarian tissue from fst1 fish. Ovarian protein extracts were prepared from three independent fst1 transgenic lines (Tg) and controls (Con) at 95 dpf. Western blot analysis was performed using an anti-phospho-Smad2 antibody (no detectable signal, data not shown), an anti-phospho-Smad3 antibody, and an antibody against Smad2/3. Levels of the phosphorylation of Smad3 are presented as the relative ratios between the levels of phosphorylated Smad3 and levels of total Smad2/3. Bar charts represent relative integrated optical density values of the respective bolts. The experiments were performed using three independent batches. **P , 0.001 vs. controls. FIG. 3 . Impaired fecundity in fst1 females. Average numbers of eggs produced by females from three fst1 transgenic lines and controls at 11, 14, and 16 wk postfertilization are shown. Data are presented as the mean 6 SEM (Tg, n ¼ 4 fish/line; control n ¼ 5 fish/line). The experiments were performed using three independent batches. **P , 0.001, *P , 0.05 vs. controls.
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collected and raised in the same fish tank until adulthood. At 95 dpf, all the fish were examined according to sexual characteristics, including gonad dissection. The fish were genotyped for the fst1 overexpression vector using fish genomic DNA as the template. As shown in Table 2 , approximately half of the progeny from each of these pairings were confirmed to be fst1 transgenic, and half were wild type. Considering the mendelian inheritance ratios, these results suggest that no significant number of deaths occurred in the fst1 transgenic fish population. Therefore, the hypothesis of female-specific lethality in fst1 transgenic fish can be ruled out. However, Table 2 shows higher numbers of male fish among the fst1 transgenic fish populations compared to the controls, even when raised in the same environment. These results strongly suggest that fst1 overexpression in the zebrafish ovary promotes female or ovarian differentiation.
Masculinization and Gonadal Apoptosis Induced in fst1 Overexpression Transgenic Zebrafish
To investigate the role of fst1 overexpression in gonadal differentiation, we used rHuFst. One day after their spawn (95 dpf), 30 adult wild-type females were selected to be periodically injected with rHuFst in the ovary at a dose of 25 ng fish À1 day À1 for 30 days. An equal number of wild-type females were injected with an equal volume of a 0.9% NaCl solution as controls. Ovaries were collected at 10, 20, and 30 days posttreatment. We analyzed the ovaries by histological examination and TUNEL staining and found apoptotic follicular cells in the rHuFst-treated females compared to the controls (Fig. 5) . Representative ovarian sections from these assays are shown in Figure 5 . Furthermore, we observed fewer oocytes at stage V or IV in the rHuFst-treated ovaries compared to the controls (Table 3) . Cytochrome P450 family 19 subfamily A polypeptide 1a (cyp19a1a), antimullerian hormone (amh), and double sex and mab-3 related transcription factor-1 (dmrt1) are well-known markers of fish gonadal differentiation. During the process in which undifferentiated gonads develop into testes, cyp19a1a expression is decreased, whereas amh expression is increased [8, 14] . Dmrt1 has been suggested to have an important role in testis determination in teleosts [15] . To examine the effects of rHuFst on sexual differentiation in adult female zebrafish, we also measured the levels of cyp19a1a, amh, and dmrt1 in the ovarian samples from the fish injected with either recombinant Fst protein or saline. Although the levels of cyp19a1a were significantly decreased 20 days after rHuFst treatment, the expression levels of testes markers amh and dmrt1 were not significantly increased (Fig. 6 ). Taken together, the above observations indicate that although the Fst protein can block fecundity and fst1 REGULATES FECUNDITY AND GONADAL DEVELOPMENT impair oocyte maturation after the female zebrafish become sexually mature, Fst protein treatment cannot promote femaleto-male sex reversal after the fish has terminally developed into a female. We then explored the effects of fst1 overexpression on gonadal differentiation during the transitional developmental stage. The transformation from ovary-like tissue to testis during sexual differentiation of juvenile zebrafish occurs by oocyte apoptosis [16] . To examine the level of apoptosis in transitioning gonads, we used Western blot analysis to examine the activation of caspase 3, a marker of apoptosis [17, 18] . Our results indicated that the levels of the two forms of activated caspase 3 (13 and 29 kDa) were increased in undifferentiated gonads of the fst1 fish (n ¼ 7) compared to the control siblings (n ¼ 7) at 30 dpf (Fig. 7A) . We then measured gonadal markers at this stage. First, we found that the level of fst1 in transgenic fish ovaries was much higher than that in the controls at the 30-dpf stage (Fig. 7B) . We also found that the level of cyp19a1a, an ovarian marker, was significantly decreased in the fst1 transgenic line 4 compared to the controls (Fig. 7B ). In addition, the level of amh, a testis marker, was significantly increased in the ovaries of fst1 transgenic line 6 compared to the controls (Fig. 7B) . These results suggest that an increased proportion of male fish might result from the increased apoptosis of undifferentiated gonads caused by high levels of fst1 in the juvenile ovaries, which disrupts the balance of sexual differentiation in fst1 fish. Each of the three transgenic lines showed similar results. All experiments were performed using three independent batches.
DISCUSSION
The presence of fish fst1 mRNA is associated with the expression pattern of activin during the course of oocyte maturation [5] . Their expression patterns exhibit specific temporal profiles during ovarian follicle development. The expression of fst1 increases significantly during vitellogenesis. * The data presented here are obtained from two independent experiments of all three lines. The male:female ratios in each transgenic line tested were always much higher than those in their control siblings. Fst1 mRNA has been detected in both the follicle cells and oocytes, but its level drops sharply in the preovulatory follicles [4] [5] [6] 19] . Utilizing quantitative RT-PCR, we found that the fst1 mRNA levels in the ovarian tissue from our independent transgenic lines were 21.42-, 103-, and 114.88-fold higher than those in the controls at the 90-dpf stage (Fig. 1D) . Although the expression of zebrafish fst1 can be readily detected with RT-PCR for ovarian tissue after 20 dpf, in situ hybridization assays with the DIG-labeled fst1 antisense probe might be not sensitive enough to detect fst1 mRNA in the ovaries of wildtype zebrafish. However, fst1 transcripts were detected in the ovarian sections from the fst1 females via in situ hybridization. This shows that the zp3 promoter induces high levels of fst1 in transgenic fish ovaries. Thus, the presence of fst1 overexpression may disrupt the temporal expression profile of endogenous fst1 in zebrafish. Animal Fst1 is often produced in the same cells or adjacent cells in the animal ovary as those cells producing Fst1 in fish, and it modulates the local actions of activin. The Fst1-activin complex targets activin to a lysosomal intracellular degradation pathway [20] . It has also been reported that the application of rHuFst can block the maturation of isolated oocytes in vitro [6] .
This suggests that fish Fst1 can modulate activin activity during oocyte maturation in vivo. Previous studies showed that zebrafish activin subunits were exclusively expressed in the somatic follicle cells, whereas the expression of zebrafish fst1 was mainly restricted to the oocyte. This suggested paracrine regulation between the oocyte-derived and follicle-derived factors [5] . It is generally believed that the receptor-activated Smad2 and Smad3 are responsible for activin signaling within the ovary. As found previously [2] , the level of phosphorylated Smad2 in adult zebrafish ovary may be too low for detection by immunostaining. In the present study, however, we found decreased levels of phosphorylated Smad3 in all three fst1 transgenic lines. To our knowledge, these results provide the first direct evidence that the activin/Smad cascade is the target of fst1 in zebrafish. With its specific expression pattern during ovarian development and the daily ovarian cycle of the zebrafish, fst1 is involved in the regulation of ovary and follicle growth. Taken together with the delayed oocyte maturation and poor fecundity in female fst1 zebrafish, our results demonstrate that zebrafish fst1 can modulate activininduced oocyte maturation in vivo.
Teleost sex determination has greater gonadal plasticity and less genetic influence than mammalian sex determination. Of note, mammalian gonads terminally develop into either testes or ovaries, whereas fish gonads often retain the ability to change, making them sequential hermaphrodites. Immature zebrafish gonads, termed juvenile ovaries, can be directed to develop into testis or ovaries between 21 and 42 dpf, whereas sexual maturity is achieved after approximately 90 days. This process varies slightly among individuals and rearing condi- 10, 20 , and 30 days posttreatment is shown. The expression levels were normalized to b-actin and are expressed as the fold-increase compared to the control ovaries (injected with 0.9% NaCl saline). These results were confirmed by two independent experiments. **P , 0.001, *P , 0.05 vs. controls.
FIG. 7.
Masculinization and gonadal apoptosis in fst1 transgenic zebrafish. A) Western blot analysis for activated caspase3 with undifferentiated gonads from three fst1 transgenic lines (n ¼ 7 fish/line) and control siblings (n ¼ 7 fish/line) at 30 dpf. b-Actin was used as a loading control. B) Quantitative RT-PCR for fst1, cyp19a1a, and amh in undifferentiated gonads from three fst1 transgenic lines and control siblings at 30 dpf (n ¼ 7 fish/line). The expression levels were normalized to b-actin and are expressed as the fold-increase compared to the sibling controls. All experiments were performed using three independent batches. **P , 0.001, *P , 0.05 vs. controls (n ¼ 7 fish/line).
fst1 REGULATES FECUNDITY AND GONADAL DEVELOPMENT tions [1] . However, the molecular mechanisms of the juvenile ''ovary-to-testis'' transformation have not been clearly elucidated. Sex determination in some fish species, including most salmonids, also has a chromosomal background. Those fish, such as rainbow trout, have males and homogametic females, similar to the mammalian XY/XY system. However, most of the previous cytogenetic studies have suggested that no clear sex-determining chromosome exists in zebrafish [15] . In rainbow trout, the expression levels of fst1 in gonads were highly down-regulated after androgen treatment in females and strongly up-regulated after estrogen treatment in males. Thus, fst1 was listed as one of the ''early ovarian differentiation genes,'' suggesting its potential functions associated with the promotion of ovarian development [21] [22] [23] . However, no significant regulated expression patterns of fst1 were found in transcriptomic analyses of sex-and gonad-biased gene expression in zebrafish [24, 25] . Zebrafish fst1 transcripts in gonadal tissue also could not be induced by 17a-ethinylestradiol [26] . No previous functional studies have suggested any roles of fish Fst1 in gonadal differentiation other than its involvement in the regulation of oocyte maturation. When the fst1 transgenic fish and their nontransgenic control siblings originated from the same mating were raised together in the same fish tank, 45.9%-58.6% of control fish of the three independent transgenic populations developed into males, whereas 60%-86.7% of the fst1 transgenic fish of the three independent transgenic lines became males at the 95-dpf stage (Table 2 ). This implies that fst1 overexpression can influence sex determination. We observed elevated levels of activated caspase 3 as well as up-regulated levels of amh and downregulated levels of cyp19a1a in juvenile ovaries during the critical gonad transitional stage. Based on our observation of the in vivo application of rHuFst in sexually mature zebrafish, fst1 can only regulate sexual differentiation during the juvenile stage. To our knowledge, this is the first demonstration that fst1 promotes testis development. It is unclear whether Fst1 has activity that is independent of binding and neutralizing the function of activins. The effect of Fst1 on gonadal differentiation may represent an example of an autocrine role for fst1. The functional significance of these observations in vivo remains to be determined. Fish have a strong capacity for adaptation. Although the phenotypes of lengthened spawn interval time and poor fecundity were observed in our fst1 zebrafish, we did not find sterile females. With regard to sex determination, we still found that the existence of the females in our fst1 transgenic zebrafish populations. We also observed various expression patterns of cyp19a1a and amh among our fst1 transgenic lines. Our studies have demonstrated that zebrafish fst1 regulates activin/Smad signaling by neutralizing the stimulatory actions of activin on oocyte maturation. We also showed that fst1 overexpression can induce apoptosis during sexual differentiation of juvenile zebrafish and that it preferentially promotes the transitioning gonads to develop into testes rather than ovaries. Our present data contribute to a growing picture of the regulatory networks underlying the development of fish gonadal and sexual differentiation.
